We study the impact of neutrino-pair production from the de-excitation of highly excited heavy nuclei on core-collapse supernova simulations, following the evolution up to several 100 ms after core bounce. Our study is based on the AGILE-Boltztran supernova code, which features general relativistic radiation hydrodynamics and accurate three-flavor Boltzmann neutrino transport in spherical symmetry. In our simulations the nuclear de-excitation process is described in two different ways. At first we follow the approach proposed by Fuller and Meyer [Astrophys. J. 376, 701 (1991)], which is based on strength functions derived in the framework of the nuclear Fermi-gas model of non-interacting nucleons. Secondly, we parametrize the allowed and forbidden strength distributions in accordance with measurements for selected nuclear ground states. We determine the de-excitation strength by applying the Brink hypothesis and detailed balance. For both approaches, we find that nuclear de-excitation has no effect on the supernova dynamics. However, we find that nuclear de-excitation is the leading source for the production of electron antineutrinos as well as heavy-lepton flavor (anti)neutrinos during the collapse phase. At sufficiently high densities, the associated neutrino spectra are influenced by interactions with the surrounding matter, making proper simulations of neutrino transport important for the determination of the neutrino-energy loss rate. We find that even including nuclear de-excitations, the energy loss during the collapse phase is overwhelmingly dominated by electron neutrinos produced by electron captures.
I. INTRODUCTION
Massive stars end their lifes as supernovae, triggered by the collapse of their central core. It has long been recognized that neutrinos play a crucial role for the dynamics of the collapsing core [1, 2] and the associated supernova nucleosynthesis [3] . Once the electron chemical potential gets sufficiently large at densities of order 10 9 g cm −3 , electrons are captured on protons bound in nuclei [4] . This has the following two important consequences for the collapse dynamics, it reduces the pressure which the relativistic electron gas can supply against the collapse, and the (electron) neutrinos, which are produced from weak-interaction processes, leave the star carrying away energy and lepton number. In fact, this cooling mechanism keeps the core at relatively low entropies so that heavy nuclei survive the collapse and are the dominant component of the nuclear composition [5] . With increasing core density neutrino interactions with matter become growingly more relevant. Coherent elastic neutrino scattering on nuclei [6] leads to neutrino trapping for densities in excess of about 10 12 g cm −3 . Inelastic neutrino scattering on electrons, and to a lesser extent on nuclei [4] , down-scatters neutrinos in energy and ultimately leads to the thermalization of the trapped neutrinos. Hence in the late stage of the collapse i.e. at densities in excess of 10 12 g cm −3 , a Fermi sea of electron neutrinos is formed in the inner core that effectively Pauli-blocks further electron captures.
In supernovae weak charged-current reactions produce electron neutrinos and antineutrinos. Other neutrino types can only be generated by processes governed by neutral current; i.e. in the form of neutrino-antineutrino pairs. In current supernova simulations, neutrino-pair production is considered via electron-positron annihilation, nucleon-nucleon bremsstrahlung, and the annihilation of trapped electron-neutrino and antineutrino pairs into heavy-lepton flavor neutrino-antineutrino pairs [7] . It has been argued that the de-excitation of highly excited nuclei can be the dominant neutrino-pair producing process in the hot environment of the collapsing core [8] (for illustration, see Fig. 1(a) ). As the presence of the electron neutrino sea does not block the production of muon and tau neutrino-antineutrino pairs as well as that of electron antineutrinos, simultaneously produced in a pair with a high-energy electron neutrino, nuclear deexcitation might further reduce the entropy of the collapsing core if the neutrinos produced by the process will be able to leave the core during the dynamical timescale of the collapse. Indeed if the produced neutrinos have energies low enough to leave the stellar core, it is speculated that the de-excitation process 'likely acts as a thermostat for the collapsing core'; i.e. in a self-regulating process more escaping neutrinos are being produced the hotter the core temperature [8] .
In this manuscript, we report on supernova simulations which for the first time include the nuclear de-excitation processes. To this end we evolve a 11.2 M ⊙ star [3] from the presupernova progenitor through the core collapse, bounce and post-bounce evolution for more than 300 ms. Our study is based on the AGILE-Boltztran supernova code, see ref. [9] and references therein for additional details.
In nuclear de-excitation a highly excited state at energy, E i , decays via Z 0 emission to a final state at lower energy, E f (for illustration, see Fig. 1(a) ). The energy difference, ∆ = E i − E f , between the nuclear states is shared by the νν-pair which is created by the decay of the Z 0 boson. (The situation is illustrated in Fig. 1(b) .) For small values of ∆, the total nuclear strength is dominated by Gamow-Teller transitions. At higher energy differences ∆, forbidden transitions will contribute. Modeling such transitions for an ensemble of thermally excited nuclear states at moderate temperatures (T ≈ 1 − 2 MeV) typical for supernova environment is a challenging problem. It cannot be solved by current models for the relevant heavy nuclei, due to the extremely high density of states involved. As a first approach, rates for nuclear excitation and de-excitation have been estimated on the basis of the nuclear Fermi gas model; i.e. describing the nucleus as an ensemble of non-interacting nucleons occupying a set of shell model orbits [8] . The rates for up-transitions, i.e. the nuclear excitation via the absorption of a neutrino pair, obtained in this model have been recently qualitatively supported based on the interacting shell model [10] . As our first scheme to describe the de-excitation process in a supernova simulation, we have adopted the respective rates of ref [8] and have incorporated them into the supernova AGILE-Boltztran code.
To study the sensitivity of the supernova results on potential uncertainties in the deexcitation rates we describe the latter also in an alternative approach. Here we start from the observation that the relevant GamowTeller (and forbidden) strength is constrained experimentally for selected nuclear ground states showing that the various strengths is mainly concentrated in strong transitions (the GT and spin-dipole giant resonances). Adopting Brink's hypothesis [11] , which assumes that the transition strengths on excited nuclear states is the same as for the ground state, and exploiting the principle of detailed balance allows us to derive the 'downwards' transition strengths required for modeling the de-excitation rate from experimentally motivated parametrization of the Gamow-Teller and forbidden ground state strengths.
The paper is organized as follows. In sec. II we review our core-collapse supernova model, and in sec. III we discuss the implementation of new rates for electroncaptures on heavy nuclei as well as the neutrino-pairproduction from nuclear de-excitation. In sec. IV, we apply these new weak rates in core-collapse simulations and discuss the results. We close the manuscript with a summary in sec. V.
II. CORE-COLLAPSE SUPERNOVA MODEL
Our core collapse supernova code, AGILE-Boltztran, is based on general relativistic radiation hydrodynamics and three-flavor Boltzmann neutrino transport in spherical symmetry (for details, see ref. [9] and references therein). The set of weak processes that we consider in our supernova simulations are listed in Table I , including the references which we have used. The charged-current processes (1) and (2) as well as the elastic scattering reaction (4) are important in regions where the composition is dominated by nucleons. The charged-current reactions with nucleons are treated in the zero-momentum transfer approximation [12, 13] . Electron-positron annihilation (7) dominates the production of neutrino pairs at low and intermediate densities, while nucleon-nucleon Bremsstrahlung becomes important at higher densities, around a tenth of normal nuclear matter density. We also include the annihilation of trapped electron neutrino pairs (process (9) in Table I ). Inelastic neutrino scattering on electrons and positrons, reaction (6) in Table I , is the dominant thermalization process for neutrinos [4] . 
a Note: ν = {νe,νe, ν µ/τ ,ν µ/τ } and N = {n, p}
At the high density environment of a core-collapse supernova, electron neutrinos are more strongly coupled to matter by process (1) than electron antineutrinos by process (2) (see Table I ). Hence, electron antineutrinos decouple at generally higher densities than electron neutrinos. Moreover, heavy-lepton neutrinos do not interact by charged-current processes at the relevant conditions and are hence even less coupled to matter than electron antineutrinos; they decouple from matter at even higher densities. Consequently, during the post-bounce mass accretion phase when matter at neutrino decoupling is extremely neutron rich, the following hierarchy holds for the average neutrino energies E ν µ/τ Eν e > E νe [18] [19] [20] .
The equation of state (EoS) in core-collapse supernova studies has to handle a variety of conditions that relate to different nuclear regimes. It spans from isospinsymmetric matter at low densities and temperatures dominated by heavy nuclei up to supersaturation densities where matter is extremely neutron rich and temperatures reach several tens of MeV. AGILE-Boltztran uses a flexible EoS module that allows for the use of a large variety of currently available supernova EoS [21] [22] [23] . For a comparison study of different supernova EoS, see refs. [24, 25] . For the current study, we apply the EoS from ref. [21] with compressibility K = 220 MeV for matter at temperatures above T = 0.45 MeV. The baryon EoS is then computed based on the ideal gas approximation. On top of the baryons, contributions from electrons, positrons and photons are added [26] .
III. WEAK PROCESSES WITH HEAVY NUCLEI

A. Electron captures on heavy nuclei
Compared to previous studies performed with the AGILE-Boltztran code we have improved the description of electron capture by implementing the reaction rates for electron captures on nuclei (process (3) in Table I ) as derived in ref. [14] . The authors of ref. [14] determined their rate tabulation from individual capture rates for about 3000 nuclei, valid for matter in nuclear statistical equilibrium (NSE). To derive the individual rates the authors adopted a hierarchy of nuclear models to ensure the appropriate description of the electron capture process at all conditions of the collapse. In particular, the capture rate for nuclei in the mass range A = 45 − 64 was derived on the basis of the interacting shell model. It guarantees an accurate and detailed description of the allowed strength distribution [27] required to describe the electron capture rate at the moderate density conditions at which these medium-mass nuclei dominate. The capture rate for heavier nuclei with A = 65 − 120 were derived within the framework of the Random Phase Approximation (RPA) with partial nuclear occupation numbers obtained in large-scale Shell Model Monte Carlo (SMMC) calculations at finite temperature [28] [29] [30] . These two data sets have been supplemented by individual rates for more than 2000 additional nuclei using an SMMC+RPA approach, similar to the one introduced in ref. [31] but with parametrized occupation numbers.
The authors of ref. [14] provide a table for the electron-capture rates and neutrino spectra for a fixed 3-dimensional grid in temperature T , electron fraction Y e , and density ρ, valid for NSE above T > 0. 45 MeV. We apply a linear interpolation scheme in these three variables to determine the rates and spectra for the appropriate astrophysical conditions.
B. Neutrino-antineutrino pair emission and absorption
Emission and absorption of neutrino pairs is a process that can potentially affect the dynamics of the core. In this section we derive expressions for the rate of heavynuclei de-excitation and excitation that can be used in core-collapse supernova simulations. The decay rate of a nucleus from a state with excitation energy E 1 via emission of neutrino-antineutrino pairs of a particular flavor is given by [8] :
where
and G F is the Fermi coupling constant and g A the weak axial-vector coupling constant. We account for the presence of neutrinos by including the neutrino and antineutrino distribution functions f ν (E ν , µ ν ) that due to our assumption of spherical symmetry depend only on the radius, energy and the cosine of the angle with respect to the radial direction, µ ν , and not in the azimuthal an-
is the strength function connecting a state with excitation energy E 1 to a state with excitation energy E 2 = E 1 − ∆ and θ the angle between the emitted neutrino-antineutrino pair that is related to the neutrino angles by:
The first integral of equation (1) represents the contributions of all the different states to which the excited state can decay. Furthermore, we have included a factor of (4π) 2 in front of the integrals that represents the value of the angular integrals assuming isotropicity. Here, we follow the standard convection in nuclear beta decay. We can perform a change of variables, using equation (2), so that the integrals are performed as a function of the neutrino and antineutrino energies:
In order to obtain the total rate of neutrino-pair production from heavy-nuclei de-excitations, all possible transitions have to be included properly weighted by the appropriate Boltzmann factor and the level-density, ρ(E, J). One then obtains:
with Z(T ) = dE(2J + 1)ρ(E, J)e −E/T , the partition function. Using equation (4) and after changing the integration order we obtain:
where we have introduced the thermal strength function for emission of a neutrino-antineutrino pair:
The strength function, which connects states 1 and 2 (S down ) with the energy relation E 1 = E 2 + ∆, is associated to the strength function connecting states 2 and 1 (S up ) by detailed balance [32] [33] [34] :
Note that the above expression is commonly used to relate the down and up gamma-ray strength functions in the calculation of radioactive capture reactions [35] . We obtain the following relationship between the thermal strength functions for emission and absorption of a pair of neutrinos:
where S abs is related to S up by an equation similar to equation (8) .
The total number of neutrino pairs produced per unit of volume and time, Λ νν , is given by the decay rate for nuclear species i, called λ i νν , weighted with the total number density of nuclei n i and summing over all nuclear species present in the medium,
In the Boltzmann representation of neutrino transport this quantity is normally described by the pair-emission kernel, R emi (E ν + Eν, cos θ). The total rate for νν-emission, based on the reaction kernel R emi , has the general form,
Comparing this expression with equation (7), we obtain:
The absorption kernel is related to absorption strength by a similar expression. As a consequence of equation 10, we obtain the general detailed balance expression for the kernel [12] :
Finally, the de-excitation process is considered in the Boltzmann transport equation [12, 20, 36] by adding an appropriate contribution to the source term:
with a similar equation for fν, i.e. f ν ↔ fν. For the particular case in which neutrinos escape freely from the stellar core we can define the total (including all neutrino flavors) nuclear de-excitation rate as:
The factor 3 accounts for the three possible neutrino flavors that can be produced in the decay and we have used the fact that the strength function depends only on the sum of neutrino energies to perform one of the energy integrations in equation (7). We have also introduced the angle averaged thermal strength function:
Equivalently we can define the de-excitation energy loss rate:
We can also define the neutrino (antineutrino) spectra, i.e. the number of neutrinos per energy and time, produced by nuclear de-excitations by integrating over the antineutrino (neutrino) energy as follows:
C. Strength function
To determine the neutrino-pair de-excitation rate we have to determine the temperature, neutrino pair energy and angle dependence of the thermal strength function S(T, E, cos θ), see Eq. (8) . As the process is expected to be relevant at temperatures around 1 MeV and higher, correspondingly at nuclear excitation energies above ∼ 10 MeV, a state by state evaluation of the total rate is prohibited due to the overwhelmingly large density of levels involved. Hence one has to turn to an 'averaged' way in describing the respective strength function. Here we will follow two alternative approaches.
In the first approach we follow the proposal of Fuller and Meyer [8] which developed analytical expressions for the emission and absorption thermal strength functions using a Fermi gas model. The parameters where adjusted to reproduce the results obtained in an independent single-particle shell model. Fuller and Meyer considered a strength distribution that consists of both allowed and first-forbidden contributions and assumed different angular dependence for each of them:
We refer to the work of Fuller and Meyer [8] for the particular form of the strength functions, S A and S F , and their dependence on nuclear mass and charge, A and Z respectively. However, we used the angular dependence of the functions P A and P F as:
which is differently normalized as defined by Fuller and Meyer and has been chosen such that:
which is the angle-averaged thermal strength function, see equation (17) . With the angular dependence of equation (20) , the azimuthal integral in the source term for NDE can be performed to obtain:
with
In a recent work, Wendell Misch et al [10] have calculated allowed down strength functions for several nuclei including 28 Si, 47 Ti and 56 Fe at different excitation energies based on the diagonalization shell-model. In their study they approximate the thermal strength to the one obtained for an excitation energy equivalent to the average thermal excitation energy E determined assuming a Fermi gas model, E = T 2 A/8. This approach has two main disadvantages. First, it violates detailed balance according to equation (10) and more importantly for the calculation of de-excitation rates it results in a sharp cutoff in the production of neutrino pairs of energies larger than the thermal average energy. The production of these high-energy neutrinos is suppressed by the Boltzmann factor but it is favored by the large phase space dependence, see eq. (16).
In the following, we propose an alternative approach which fulfills detailed balance by construction and accounts for the production of neutrinos with energies greater than the average thermal excitation. We derive the thermal strength guided by experimental knowledge of the allowed and forbidden strengths for nuclear ground states. It is well known that the allowed (Gamow-Teller) and forbidden (dipole) strength S up on nuclear ground states resides mainly in giant resonances [37] . This is observed in (p, p ′ ) [38, 39] (as well as in charge-exchange experiments of N = Z nuclei [40, 41] , which determine S up due to isospin symmetry). Much information about giant resonances has been obtained from (e, e ′ ) experiments performed over the entire nuclear chart [42] . The experiments have been supplemented by theoretical studies where in particular large-scale shell model calculations give a very fair account of the detailed structure of the allowed strength distribution [43] , while studies of the forbidden strength is the domain of models like the (Quasiparticle) Random Phase Approximation [44] . The experimental and theoretical studies indicate that the allowed strength is concentrated in a giant resonance with a centroid energy at about E x = 8-10 MeV, reflecting mainly an excitation of nucleons between spin-orbit partner orbitals. As the dipole strength corresponds to a transition between two adjacent major shells, its giant resonance resides at somewhat higher excitation energies with a centroid around E x = 18-24 MeV. Both the giant Gamow-Teller and dipole resonances are strongly fragmented over many states and the strength distribution can be approximated by Gaussian distribution around the respective centroids [45, 46] .
We will assume that the giant resonances built on excited states are located at the same relative excitation energy as for the ground state. This is commonly known as Brink hypothesis and implies that the up strength at any excitation energy is equal to the one of the ground state, S up (E, ∆) = S up gs (∆). This approximation is commonly done in calculations of astrophysical reaction rates based on the statistical model [47] and implies that the thermal absorption strength becomes independent of the temperature and is given by:
However, we note that due to nuclear structure effects (pairing, angular momentum mismatch etc.) and the low density of levels, the upward strengths on the ground state vanish or are strongly suppressed at low excitation energies. This behavior is not expected for the upward strength on excited states as they are populated at the temperatures of interest for the neutrino pair deexcitation process. We account for this expectation by assuming that the strength is fragmented over a larger energy range than for the ground state, while the total strength is the same as for the ground state. Guided by these assumptions we make the following ansatz for the absorption thermal strength:
where S A and S F are the total allowed and forbidden strength and g is the normalized strength distribution with centroid µ and standard deviation σ that we assume to follow the Gaussian distribution. The total allowed strength, S A = 5, is chosen in accordance with the value found for nuclei in the iron region [48] [49] [50] , while the forbidden strength, S F = 7, is chosen guided by RPA calculations [50, 51] . For the centroid and standard deviation we use µ A = 9 MeV, σ A = 5 MeV, µ F = 22 MeV and σ F = 7 MeV. The emission thermal strength is then obtained by applying detailed balance, see eq. (10). Our ansatz should be considered as a simple approximation as it neglects a temperature dependence of the width parameters and assumes the strength to be the same for all nuclei. At low temperatures we also expect deviations from a Gaussian distribution caused by the discrete level structure for the allowed strength and the non-equilibration of parity in the level density at low energies for the forbidden strength. The top panels of Fig. 2 compare the absorption strength function S abs (see equation. 10) for the two approaches considered in our study. We use the composition given by the EoS at selected temperatures, densities and Y e values obtained from our simulations. The strength function derived by Fuller and Meyer shows rather distinct peaks for allowed and forbidden transitions, while in our ansatz the strengths for these transitions are fragmented over a wider energy range. We note that the differences become quite pronounced at low (E < 1 MeV) and high (E > 25 MeV) energies where the strength suggested by Fuller and Meyer basically vanishes, while the Gaussian ansatz, expression 26, shows noticeable strength. Furthermore, the Fuller and Meyer approach [8] predicts a total strength that is proportional to the number of nucleons. This explains the increase of strength with temperature, as observed in Fig. 2 , as the nuclear composition moves to heavier nuclei with increasing temperature in the supernova environment. Hence the two cases considered here can be understood as extreme cases for the absorption strength.
The middle panels of Fig. 2 shows the thermal emission strength functions S emi , which are obtained from the thermal absorption functions by multiplication with the Boltzmann factor exp(−E/T ). Due to this factor the thermal emission strength is strongly depending on temperature. Note that while our absorption strength is independent on temperature and is the same for all nuclei, the one suggested by Fuller and Meyer is weakly depending on temperature and increases with increasing nucleon number. We note that the differences in the two absorption strength functions lead to quite strong deviations in the emission functions. The emission functions derived from the Gaussian absorption function shows a continuous decrease with energy reflecting mainly the exponential decrease of the Boltzmann factor as the corresponding absorption function varies only slowly in the energy range of importance. As the absorption strength suggested by Fuller and Meyer has very little strength at vanishing energy, this energy range is also suppressed in the emission strength functions, which show a pro-nounced peak at moderately low energies. We note that there is also emission strength at energies above the thermal average energy (denoted by E in the middle panels for each temperature), due to thermal population of states at higher energies. However, the Boltzmann factor forces the emission strength to vanish at high energies. Obviously the developing tail of the emission functions depend on temperature and on the assumptions on the absorption strength function.
The tails in the emission functions are more pronounced in the de-excitation rate, i.e. the integrand of equation (16) . This quantity is shown in the bottom panels of Fig. 2 . One clearly observes that the production of neutrinos with energies larger than the average nuclear excitation energy is important. In particular at low temperatures, T = 0.7 MeV, where E ∼ 5 MeV, the maximum of the pair de-excitation rate is located at higher energies than the average excitation energy. Comparing the results for the two strength function approaches at T = 1.5 MeV, one finds that the Fermi-gas approximation [8] exhibits two peaks which can be associated with the distinct allowed and forbidden transitions. At higher temperatures (see the right panel of Fig. 2 ), forbidden transitions even dominate the de-excitation rate. The emission strength resulting from the Gaussian strength function shows a single peak structure at all temperatures due to the rather broad strength functions used in our parametrization. However, it also predict an increasing role of forbidden strength with increasing temperature. Figure 3 shows the (anti)neutrino spectra produced by nuclear de-excitation (as defined in 19) and electron capture. The spectra are compared at three different stages of the collapse phase, where we have chosen the temperatures to match those adopted in Fig. 2 . We note that the spectra do not include final-state Pauli blocking of the neutrinos. Hence the de-excitation spectra basically depend on temperature, with a density dependence arising for the nuclear Fermi gas results with its A-dependent strength function due to the change of the nuclear composition. As the electron Fermi energy strongly depends on density, the neutrino spectra produced by electron capture do as well. The three conditions chosen correspond to the progenitor phase (upper panel), the stage of electron neutrino trapping (middle panel) and the late phase before bounce where a transition to uniform nuclear matter is taking place. At all conditions, electron captures produce neutrino spectra with significantly higher energies. This is confirmed in Table II in which we have summarized the average neutrino energies produced by electron capture and for our two approaches to nuclear deexcitation, assuming that the produced neutrinos leave the star unhindered. To understand these results we note that for electron capture the relevant energy scale is the electron Fermi energy, which grows from about 10 MeV to 100 MeV in the density range covered by Figure 3 [6] . Hence this process produces on average higher-energy neutrinos than nuclear de-excitation for which the average neutrino energies E ∝ T due to the dominance of the Boltzmann factor exp(−E/T ) as explained above in connection with Fig. 2 . From Figure 3 and Table II we observe that at the lower temperatures the Fermi gas based model for nuclear de-excitation produces neutrinos with slightly lower average neutrino energies than our Gaussian strength model, while it is the opposite for temperatures T 1.5 MeV. As explained above this is related to the stronger contributions of forbidden transitions in the strength function of ref. [8] .
D. Spectra comparison under supernova conditions
The neutrino spectra shown in Fig. 3 are unnormalized and the most important result is obtained by comparing the scales of the two processes, electron capture and nuclear de-excitation, showing that the former exceeds the later by about 5 orders of magnitude. This implies that electron captures will be the dominating weak-interaction process for the global properties of supernovae, while the importance of nuclear de-excitation is constrained to the results concerning neutrino types other than electron neutrinos. These expectations are confirmed in our supernova simulations which we turn to in the following section. Note that in Fig. 3 (c) we show N − N −Bremsstrahlung, in addition to nuclear deexcitation, which starts to become important as heavy nuclei disappear at densities in excess of ∼ 10 13 g cm −3 .
TABLE II: Average energy of the neutrino produced by electron capture and nuclear de-excitations (νν), for selected conditions during the collapse.
Ref. [14] Ref. [8] Table II lists the expected average neutrino energies from heavy-nuclei de-excitations (νν), assuming that all neutrinos produced can leave the star. At temperatures above 1.5 MeV, corresponding to densities above 10 12 g cm −3 , the average neutrino energies become larger than 5 MeV, so that down-scattering of electrons becomes relevant, implying substantial changes for the neutrino spectra and making proper neutrino transport important. This expectation is confirmed by the results of our simulations presented in the next section.
IV. SIMULATION RESULTS OF STELLAR CORE COLLAPSE
In this section, we discuss results from core-collapse supernova simulations of the 11.2 M ⊙ progenitor [3] , focussing on the effects of heavy-nuclei de-excitation by neutrino pair emission. To this end, we have performed three supernova simulations which differ only in their treatments of the neutrino pair de-excitation process. In two simulations we include nuclear de-excitation following either the prescription of Fuller and Meyer [8] or our Gaussian approximation model. The third simulation serves as a control study, in which we have switched off neutrino pair de-excitation. We use the extended set of electron capture rates of Juodagalvis et al. [14] in all our simulations. We note that our control run yields results which agree quite well with those obtained in refs. [29, 30] , which used a subset of the Juodagalvis capture rates (consisting of the shell model and SMMC+RPA rates of refs. [29, 52, 53] ), indicating that the extension of the electron capture rate set has only small impact on supernova simulations. However, the control simulation leads to a noticeable lower central electron fraction due to a longer deleptonization phase before heavy nuclei dissolve and also to a different electronfraction structure towards lower densities at core bounce than obtained in studies based on the schematic description of electron capture provided by ref. [12] .
The results of our three simulations are presented in Fig. 4 and in Figs. 5-7 . Figure 4 shows the time evolution of the neutrino luminosities (upper panel) and root mean square (RMS) average energies (bottom panel) for all neutrino flavors, determined at a distance of 1000 km. Note that we determine the time of core bounce arbitrarily as the moment when the maximum central density is reached; i.e. it is the moment just before shock break out. Figs. 5-7 show core profiles of various quantities before bounce.
Importantly we find in these figures that the global quantities like temperature and electron fraction profiles are the same in all three simulations (differences seen in Fig. 4 are due to slight mismatches in the determination of core bounce in the different runs and due different grid resolutions). This implies that the neutrino pair heavy nuclei de-excitation process has no impact on the global supernova evolution. As expected from our discussion above, the rates for electron captures on nuclei (and protons) dominate over those for the de-excitation process. This is confirmed in Fig. 4 which shows that the luminosities of electron neutrinos, arising mainly from electron capture, are about 4 orders of magnitude larger than those of heavy flavor neutrinos during the collapse phase.
We also find in Fig. 4 that the evolution of the ν e luminosities and RMS average energies are the same in all three simulations: the luminosity increases from about 10 51 erg s −1 to 10 53 erg s −1 at ν e trapping shortly before core bounce caused by the increasing density which increases the electron Fermi energy and the capture rates. Relatedly the RMS average energies of ν e neutrinos increase between E νe rms = 6 − 10 MeV. Note that these energies are much lower than those of the neutrinos directly produced by electron capture (see fig. 3 ) reflecting the importance of down-scattering by interaction with matter.
There is, however, an important difference between electron capture and neutrino pair heavy nuclei deexcitation which becomes noticeable during collapse. The latter produces all neutrino types, while electron capture is a pure source of electron neutrinos. Indeed we find that the de-excitation process is the dominating 
FIG. 4:
Evolution of neutrino luminosities and root mean square average energies from a core-collapse supernova simulations for which we include the production of neutrino pairs from heavy-nuclei de-excitations, based on ref. [8] (green lines) and the Gauss approximation expression (26) (red lines), in comparison to a simulation that uses the standard set of weak rates as listed in Table I (blue lines) and otherwise identical input physics (color version online).
source of heavy-lepton flavor neutrinos and, to a lesser extent, of electron anti-neutrinos during the collapse. At high densities of order 10 13 g cm −3 also nucleon-nucleon bremsstrahlung becomes a source of neutrinos other than ν e . This process is also included in our control simulation and it is clearly visible in Fig. 4 by the steep rise of the ν µ,τ andν e luminosities at times of 1 ms just before bounce. In the early phase of the collapse, i.e. at lower temperatures and densities, neutrino pair production by electron-positron annihilation is the dominating source ofν e and ν µ,τ , where, due to the charge-current contribution theν e luminosity is larger than for the heavy neutrino flavors. As can be seen in Fig. 3 neutrino pair heavy nuclei de-excitation becomes the dominating process for the production of heavy flavor neutrinos and electron antineutrinos. We find rather similar ν µ,τ luminosities during this period for the two different approaches considered: in either case the luminosity increases from about 10 47 erg s −1 up to 10 49 erg s −1 . During the same collapse phase the average energies of the heavy flavor neutrinos increase slightly, however, their values E rms ≈ 2.2 − 3.5 MeV are noticeably smaller than the average energies of ν e neutrinos. (They are also smaller than the average neutrino energies produced in e + e − annihilation that is the only heavy lepton flavor production mechanism in our reference simulation, see discussion below.) As already noted above, we find slightly larger average energies when using the Gaussian model for the strength function than for the Fuller and Meyer approach. In either case, these values are equivalent to the free-streaming values listed in Table II for core temperatures below ∼ 1 MeV which is the case until about 10 ms before core bounce. Only slightly before bounce when temperatures are reached in excess of about 1 MeV (and ρ > 5 × 10 11 g cm −3 ), the average energies start to rise significantly and their values obtained differ from the free-streaming values. It points to the relevance of neutrino-matter interactions also for heavy flavor neutrinos.
At core bounce where normal nuclear matter density is reached, heavy nuclei dissociate into a state of homogeneous matter of nucleons and hence the production of neutrino pairs from nuclear de-excitation disappears. At shock formation and during the initial shock propagation out of the stellar core, the infalling heavy nuclei that hit the expanding shock wave also dissociate. Consequently at the conditions behind the expanding shock front, weak processes are determined by interactions with free neutrons and protons. Hence, the inclusion of heavy-nuclei de-excitations has no impact on the supernova dynamics or the neutrino signal after core bounce, e.g., in terms of the energy loss such as suggested in ref. [8] . Although a small fraction of heavy nuclei exist ahead of the expanding bounce shock before being dissociated, the conditions are such that other pair processes dominate over the pair production from nuclear de-excitation. Moreover, the supernova dynamics is dominated by charged-current processes on free nucleons behind the bounce shock in the dissociated regime. Consequently, neutrino pair heavynuclei de-excitations has no impact in the entire postbounce period and the evolution of the neutrino luminosities and average energies in our three simulation become identical.
Figs. 5-7 show core profiles of important global quantities like temperature, density and the mean values for the charge Z and mass number A of the nuclear composition at selected snapshots during the collapse. Additionally we have plotted the luminosities and average energies of the various neutrino types and the total rates of all neutrino pair production processes (processes (7)- (9) in Table I and nuclear de-excitation) which are relevant for the production of heavy flavor neutrinos and electron antineutrinos during the collapse. Figs. 5-6 reflect situ- 
Radial profile of selected quantities at about 50 ms before core bounce, comparing simulations for which we include the production of neutrino pairs from heavy-nuclei deexcitations, based on ref. [8] (green lines), and the Gauss approximation expression (26) (red lines), in comparison to a simulation that uses the standard set of weak rates as listed in Table I (blue lines) and otherwise identical input physics (color version online).
ations before and after onset of (electron) neutrino trapping in the core with central densities ≤ 10 11 g cm
and a few 10 12 g cm −3 , respectively. Fig. 7 shows profiles close to core bounce when the central density has reached values of a few 10 13 g cm −3 . As our calculations involve dynamically adapting grids, comparisons between the three calculations with and without consideration of nuclear de-excitation are not straightforward. We have chosen the snapshots from our three simulations such to match the core density profile. We then find that the profiles of the global quantities (T, ρ, Z , A ) are the same, independent whether nuclear de-excitation is considered in the simulation or not, again confirming that this neutrino pair process has no influence on the supernova dynamics. Note the slight mismatches in the central quantities, which are due to the not perfect matching of the evolutionary stages of the different simulations. We further observe from the snapshot figures that, due to electron captures on nuclei, the nuclear composition is shifted to more massive nuclei with larger neutron excess with progressing collapse. We have used this fact already to explain the differences in the rates and spectra calculated for the two nuclear de-excitation models considered in our simulation. In our control study, without consideration of nuclear de-excitation,ν e and ν µ,τ are produced by electronpositron annihilation and, at the high densities reached just before bounce in the center, by nucleon-nucleon bremsstrahlung (see Fig. 4 ). In Fig. 5 we observe that the electron-positron annihilation rate is restricted to the density regime roughly between 10 6 − 10 10 g cm −3 . In this regime the rate is proportional to the product of number densities of electrons and positrons, n e − n e + ∼ µ µ e , which is roughly proportional to the third root of the density, grows faster during the collapse than the temperature, the exponential factor throttles the pair production by e + e − annihilation. Due to the charged current contribution the production rate of electron neutrino pairs is larger than the one of the other two flavors. Below 10 10 g cm −3 , nuclear de-excitation increases the production rate of neutrino pairs, where the relative importance is larger for the heavy flavor neutrinos than for electron neutrinos, due to the larger e + e − production rate of the latter. For densities in excess of 10 10 g cm
the production of heavy flavor and electron antineutrinos is basically only due to nuclear de-excitation. The pattern of the rate follows closely the one of temperature (the relevant parameter for the nuclear de-excitation rate which is proportional to T 6 ). The decrease of temperature towards the center is a consequence of the cooling by weak processes and it is is the origin of the associated decrease of the deexcitation rate. The average neutrino energies produced by electron-positron annihilation shows a strong increase by about 1 MeV at a core radius of a few 100 km. This rise correlates with the strong change in temperature. However, in this range the e + e − rate is strongly suppressed by the exponential factor, and neutrinos produced by nuclear de-excitation dominate. These neutrinos have smaller average energies than those produced by e + e − annihilation. As a consequence, the average neutrino energies calculated in our simulations with the inclusion of nuclear de-excitation are noticeable smaller than those found in the control calculation. Consistent with the discussion presented in Section III, we find that the nuclear de-excitation rate is larger using the model of Fuller and Meyer than using the Gauss approximation model, while the average neutrino energies are smaller. Fig. 6 shows a snapshot of the core profiles after onset of electron neutrino trapping in the center. Also under these conditions electron-positron annihilation and nuclear de-excitation are the two important neutrino pair production processes. As, however, the temperature has raised significantly in the inner part (less than ∼ 500 km), the relative weight of the two processes has changed significantly due to their different dependence on temperature. While pair production from e + e − annihilation still occurs at distances of order 1000 km (where the temperature has not noticeably changed), the temperature rise further inside causes an increase of the nuclear deexcitation rate by more than an order of magnitude (note the change of scales between Figs. 5 and 6). This makes e + e − negligible for the determination of the spectra of neutrinos emitted from the core and as a consequence the average energies of the emittedν e and ν µ,τ became almost identical around 10 ms before bounce (see figure 4) . In particular, the rate for production of heavy flavor neutrinos follows the temperature profile and increases continuously towards the center. This is not the case for electron antineutrinos where the trapping of electron neutrinos at densities in excess of a about 10 11 g cm −3 hinders the production of ν eνe pairs. The trapping also affects the spectra ofν e . The presence of trapped electron neutrinos favors the production of ν eνe pairs with low energy antineutrinos. Hence the respective average energies ofν e are lower than for heavy flavor neutrinos at the high energies where electron neutrinos are trapped. At lower densities the different neutrino types have quite similar average neutrino energies, reflecting the fact that nuclear de-excitation dominates as neutrino pair production source. Comparing the results obtained from the two different approaches describing nuclear de-excitation, we find that the Gaussian approximation implies slightly larger average neutrino energies than the Fuller-Meyer ansatz, except at the highest temperatures and densities where the tail in the neutrino spectrum, as visible in the middle panel of Fig. 3 , leads to a stronger increase of the average neutrino energies using the Fuller-Meyer approach. Note that although the nuclear de-excitation rate increases towards the higher densities in the cen-ter, neutrino-matter interactions affect the transport of heavy-lepton flavor neutrinos at densities in excess of a few 10 11 g cm −3 (see the decreasing average energies towards lower densities in Fig. 6 ). As a consequence the average energies of the neutrinos emitted from the core (see figure 4) is substantially lower than the energy of neutrinos produced in the center.
A snapshot of the core profiles before bounce are shown in Fig. 7 . The striking feature here, compared to the other two snapshots presenting earlier collapse phases, is the strong increase of temperature in the inner center at radii less than about 50 km, where the densities exceed 10 12 g cm −3 . At these densities nucleonnucleon bremsstrahlung contributes to the production of neutrino-pairs leading to a sizable increase in the production rate of heavy flavor neutrinos in the control simulation (see the inset in the lower right panel of Fig. 7) . Nevertheless the high temperatures accelerate the production rate of heavy flavor neutrinos by nuclear de-excitation which dominate over the N − N bremsstrahlung rate by more than an order of magnitude in this inner core. The inset also clearly demonstrates the suppression of electron neutrino pair production in the density range where electron neutrinos are trapped. As discussed above, neutrino matter interactions effects the neutrino transport in the high-density regime, causing the peak in the luminosity of heavy flavor neutrinos and producing a drop in the average neutrino energies with increasing radius as neutrinos are down scattered by scattering with electrons. Finally we observe that the nuclear de-excitation rate obtained for the Fuller-Meyer approach is noticeably larger than for the Gauss approximation which is related to the assumed A -dependence of the former rate and its stronger contribution of forbidden strength.
We mention that inelastic neutrino scattering off nuclei, which is not included in our simulations, might contribute to the thermalization of neutrinos [4] . For ν e this process increases the energy exchange with matter by about 30%. As heavy flavor neutrino scattering on electrons can only occur by neutral current, i.e. missing the exchange term present for electron neutrinos, the relative contribution of inelastic neutrino scattering on nuclei is expected to be larger than for electron neutrinos.
Can the neutrinos produced by nuclear de-excitation be observed by neutrino detectors? As discussed above, this process is the main source of (µ, τ ) (anti)neutrinos during collapse. However, the associated neutrino energies are low so that neutral current reactions are the only mean to detect these neutrino flavors by earthbound detectors. Moreover, as the luminosity of ν e produced by electron captures is several orders of magnitude larger, experimental identification of (µ, τ ) (anti)neutrinos seems impossible. This argument is strengthened by the fact that the ν e average energies are also significantly higher than those of (µ, τ ) (anti)neutrinos, prohibiting an experimental identification above a certain energy cut. In contrast to the corecollapse phase, this appears to be possible during the cooling of the proto-neutron star, where heavy-lepton flavor neutrinos have generally higher average energies than ν e . The low luminosity and average energy ofν e and (µ, τ ) (anti)neutrinos produced by nuclear de-excitation, will most likely prevent direct observation. However, the situation might be different if, in case of (complete) neutrino oscillations, ν e and ν µ,τ neutrinos swap their spectra [54] . In such case an observation of "ν µ,τ " neutrinos might become possible based on charged-current reactions as detection tools.
V. SUMMARY AND CONCLUSIONS
The emission of neutrino-pairs from the de-excitation of highly excited states in heavy nuclei had been proposed as a potential additional cooling source for core-collapse supernovae. We have tested this suggestion by performing supernova simulations which, for the first time, consider neutrino-pair nuclear de-excitation. In this article, we discussed this novel process based on two different approaches. First, we adopted the ansatz put forward by Fuller and Meyer [8] which describes the relevant deexcitation strength function on the basis of the Fermi-gas model of independent nucleons. In a second approach, we have derived the de-excitation strength function from the inverse absorption process exploiting the principle of detailed balance, and describing the absorption strength function in a parametrized form guided by experimental data. These two choices of strength functions are quite distinct in their predictions about the importance of forbidden contributions to the strength, the energy centroids of the allowed and forbidden contributions, and the dependence of the total strength on details of the nuclear composition. However, when incorporated in the derivation of the neutrino-pair nuclear de-excitation rate, both approaches lead to qualitative similar results.
Contrarily to previous expectations, we find that nuclear de-excitation have basically no impact on the global supernova properties. In particular, this novel weak process leaves no imprint on the dynamics of the entire corecollapse supernova evolution up to several 100 ms post bounce. To this end, we have performed supernova simulations in spherical symmetry based on general relativistic radiation hydrodynamics and three-flavor Boltzmann neutrino transport, including nuclear de-excitation for both different approaches of the strength function. Compared to a reference simulation, where only the standard set of weak rates is considered, no impact on the dynamical evolution, e.g. on temperature (and entropy) was found. We find that electron capture on nuclei remains to be the dominating source of energy loss through most of the infall epoch, however, producing only electron neutrinos.
On the other hand, nuclear de-excitation produces neutrino pairs of all flavors. As correctly pointed out by Fuller and Meyer [8] , this process produces heavy-lepton flavor neutrinos and electron antineutrinos during the collapse phase. In standard supernova simulations, the production of these neutrino pairs is governed mainly by electron-positron annihilation resulting in low luminosities during the contraction of the stellar core. Including nuclear de-excitation rises their luminosities significantly but they are still lower by several orders of magnitude than the one for electron neutrinos produced by electron captures. This is related to the significantly smaller pair-production rates from nuclear de-excitation, compared to electron captures, for most of the core-collapse phase. Only a few milliseconds before core bounce, when the matter temperatures reach 3-5 MeV, the strong Tdependence of nuclear de-excitation leads to a strong rise of the local pair-production rate. Moreover, the locally produced neutrinos from nuclear de-excitation, in particular (ν µ,τ ), interact noticeable with matter. These are mainly inelastic scattering on electrons (and potentially by inelastic scattering with nuclei which has not been considered in our simulations). It makes the proper treatment of neutrino transport also essential for heavy-flavor neutrinos during the core-collapse phase. As a result of the interactions with matter, heavy-flavor neutrinos produced at sufficiently high densities thermalize their spectra, similar as ν e neutrinos, until they can escape the collapsing stellar core. They have lower average energies than electron neutrinos which, together with their significantly lower luminosities, makes their detection in absence of neutrino-flavor oscillation scenarios very difficult.
We mention that in the present simulations inelastic neutrino scattering off nuclei is not included. In ref. [4] it has been argued that for ν e this process increases the energy exchange with matter by about 30%. For (µ, ν) (anti)neutrinos the relevance of inelastic neutrino-nucleus scattering might be larger, considering that the rate for inelastic neutrino scattering on electrons is noticeably smaller for heavy flavor neutrinos than for electron neutrinos, while inelastic neutrino-nucleus scattering rate is the same for all flavor types.
Electron neutrinos start to become trapped at densities around 10 11 g cm −3 , above which also the production ofν e from heavy-nuclei de-excitation sees. Such densities are reached only very shortly, a few milliseconds, before core bounce. Hence the timescale for the continued production of heavy-lepton flavor neutrinos, which are not trapped, is not efficient enough to impact the very final evolution until core bounce. At densities of a few times 10 13 g cm −3 , which corresponds to temperatures of roughly 4 MeV, other neutrino-pair processes such as nucleon-nucleon bremsstrahlung starts to contribute besides nuclear de-excitation. They produce neutrinos at significantly higher energies and at higher luminosity. At even higher temperatures, when the core reaches correspondingly nuclear matter densities and where heavy nuclei dissolve, weak processes with free nucleons dominate. In particular, neutrino pairs are no longer being produced by nuclear de-excitation. This holds for the entire postbounce phase which is dominated by mass accretion prior to the possible onset of an explosion, where temperatures and entropies behind the bounce shock are so high that heavy nuclei cannot exist.
Note that the nuclear description applied here to deduce reaction rates for the de-excitation of heavy nuclei by the emission of neutrino-pairs is rather crude. Nevertheless, we do not expect that an improved treatment of nuclear structure relevant for this weak-interaction process will significantly alter our conclusions.
